Introduction
column. The α-synuclein deletion mutants, Syn61-140 and Syn96-140, were prepared from GST-Syn61-140 and GST-Syn96-140, respectively, by thrombin digestion of the fusion proteins.
Construction of DHFR-Syn96-140 expression vector
The protein coding region of dihydrofolate reductase (DHFR) was subcloned into an E. coli expression vector, pRSETA, using BamH1 and HindIII restriction sites (pDHFR).
The protein coding region of the C-terminal acidic tail of α-synuclein (residues 96-140) was amplified by PCR with the 5'-oligonucleotide primer GCGCGGTACCAAGGACCAGTTGGGCAAGAATG containing the underlined KpnI restriction site and 3'-oligonucleotide primer GCGCGTCGACTTAGGCTTCAGGTTCGTAGT containing the underlined SalI restriction site. The amplified DNAs were gel purified, digested with appropriate enzymes, then ligated into the pDHFR vector that had been digested with the appropriate restriction enzymes and gel purified. All constructs were verified by DNA sequencing.
Bacterial Expression and purification of DHFR-Syn96-140
The DHFR-Syn96-140 fusion construct was transformed into the E. coli strain, BL21
(DE3), for protein expression. The transformed bacteria were grown in a LB medium with 0.1 mg/ml ampicillin at 37°C to an A 600 of 0.8, then cultured for a further 4h after being induced with 0.5 mM IPTG. The cells were harvested by centrifugation at 10,000
rpm for 10min, resuspended in phosphate-buffered saline (PBS, pH 7.4), then disrupted by ultrasonication. After removing the cell debris, the supernatants were loaded onto a Ni-NTA column equilibrated with a loading buffer (50 mM phosphate buffer (pH 8.0) containing 0.3 M NaCl and 10 mM imidazole). After washing with the loading buffer, the protein was eluted with 250 mM imidazole in the same buffer. The DHFR-Syn96-140 fusion protein was further purified on an FPLC gel-filtration column. The protein was concentrated and buffer-changed by Centricon (Amicon, Beverly, MA).
Chaperone-like activity assay
The ability of chaperone proteins to prevent heat-induced aggregation of substrate proteins (GST and aldolase) was monitored as described previously (25). Briefly, substrate proteins (0.2 mg/ml as a final concentration) in PBS (pH 7.4) were incubated with each chaperone protein at 65ºC for specified times (see figures) in a cuvette. Light scattering was then monitored at 360 nm as a function of time, using a spectrophotometer (Beckman DU-650). The ability of the chaperone proteins to prevent chemically-induced substrate protein (insulin and lysozyme) aggregation was monitored as described previously (24,25). Substrate proteins (0.5 mg/ml as a final concentration) in 10 mM phosphate buffer (pH 7.4) were incubated with the indicated amounts of each chaperone protein at room temperature (see figures). DTT was added, to a final concentration of 20 mM, to commence the denaturation and precipitation of substrate proteins. Light scattering was then monitored at 360 nm, using a spectrophotometer (Beckman DU-650). In addition, luciferase (0.1 mg/ml in PBS as a final concentration) was incubated with each chaperone protein for 10 min at 65°C in a cuvette, and light scattering was monitored at 360nm (Fig. 6B ). For the insulin aggregation assay in Fig.6A , insulin alone (0.5 mg/ml as a final concentration in 10 mM of phosphate buffer, pH 7.4) or a mixture of insulin and GST-Syn96-140 (0.5 mg/ml each as a final concentration) was preincubated for 5 min at 59°C in a thermostatic cell holder, and this temperature was maintained during the chaperone assay. After adding 2 mM of DTT as a final concentration, the absorbance was measured at 360 nm as a function of time.
Gel-filtration chromatographic analysis of the high molecular weight complexes
Individual solutions of each chaperone protein and substrate protein (GST or aldolase, final concentration of 0.1-0.2 mg/ml in PBS), or mixtures of chaperone and substrate proteins (final concentration of 0.2-0.5 mg/ml of chaperone protein with 0.1-0.2 mg/ml of substrate protein in PBS) were either heat treated (65ºC for 10 min) or not heattreated, and then centrifuged for 10 min at 13,000 rpm to remove precipitated proteins.
500 µl of each supernatant was loaded onto the Superdex 75 HR 10/30 column (Pharmacia, Uppsala, Sweden) equilibrated in PBS (pH 7.4), and the proteins were eluted at a flow rate of 1 ml/min at room temperature. Fractions corresponding to each protein peak were collected and analyzed in 12% SDS polyacrylamide gels. To detect α-synuclein in the HMW complex, 25 µl of each fraction was loaded into a 12% SDS polyacrylamide gel, transferred onto a PVDF membrane, and Western blotted with rabbit polyclonal anti-α-synuclein antibodies.
GST activity assay
The enzymatic activity of GST was assayed using a chromogenic substrate, 1-chloro-2,4-dinitro benzene (CDNB), as described previously (60). The GST enzyme was added to the substrate solution (1 mM GSH and 2 mM CDNB in 0.1 M phosphate buffer, pH 7.4) to a final concentration of 20 µg/ml and incubated at 37°C for 10 min. Enzyme activity was measured as an increased absorbance at 350 nm, corresponding to the maximum absorbance of 1-S-glutathionyl-2,4-dinitrobenzene, using the Spectramax 250 microplate reader (Molecular Devices, CA, USA).
Phosphatase activity assay
The catalytic activity of protein tyrosine phosphatase-1B (PTP-1B) was assayed at 37ºC
for 60 min in a reaction mixture (0.2 ml) containing 10 mM p-nitrophenyl phosphate (pNPP) as substrate. The buffer used was 20 mM Tris-HCl buffer (pH 7.4) containing 0.15M NaCl, 1 mM EDTA, and 2 mM DTT. The reaction was initiated by adding enzyme and quenched after 60 min by the addition of 1 ml of 1 N NaOH. The amount of p-nitrophenol released was determined by measuring the absorbance at 405 nm.
Results
The C-terminal acidic tail is necessary, but insufficient for the chaperone activity of α-
synuclein
Previous studies have shown that α-synuclein has chaperone activity in vitro (24,25).
Like other small molecular chaperone proteins, α-synuclein is able to protect a variety of proteins from stress-induced aggregation. Interestingly, the chaperone activity of α-synuclein is completely lost upon removing its C-terminal acidic tail (24), which suggests that the acidic tail is critical for its chaperone activity. We first asked whether the acidic tail is sufficient to have the chaperone activity. To address this question, we constructed two deletion mutants encoding either the acidic tail only (residues 96-140, Syn96-140) or the NAC region plus the acidic tail (residues 61-140, Syn61-140), and compared their chaperone activities with that of wild type α-synuclein. The effect of the deletion mutants on the heat-induced precipitation of substrate proteins was first investigated by using the conventional chaperone activity assay. As shown in Fig. 1A , the C-terminal acidic tail alone (Syn96-140) did not protect GST from heat-induced precipitation (Fig. 1A , line 4), whereas Syn61-140 containing the NAC region and the acidic tail appeared to protect GST from heat-induced precipitation almost as effectively as the wild-type α-synuclein (Fig. 1A , lines 3 and 2, respectively). This result suggests that Syn61-140 has all the units necessary for chaperone activity. Similar results were obtained when aldolase was used as the substrate for the chaperone activity assay (Fig.   1B ).
We next compared the chaperone activity of the α-synuclein deletion mutants These results indicate that the C-terminal acidic tail of α-synuclein is necessary, but not sufficient for the chaperone activity of α-synuclein, and also suggest that the N-terminal region (residues1-95) of α-synuclein may determine the efficiency of the chaperone function.
The N-terminal region mediates substrate protein binding
Small molecular chaperones, such as small heat shock proteins, α-crystallin, tubulin and clusterin, prevent protein precipitation by forming soluble HMW complexes (27,32-40).
We first confirmed that α-synuclein also acts in this way to prevent protein precipitation, and then investigated which region of α-synuclein is critical for substrate protein binding (Fig. 2) . The substrate protein (GST) was incubated with wild-type α-synuclein or its C-terminal fragment (Syn96-140) for 10 min at 65°C and the protein mixtures were purified on an FPLC gel-filtration column. Each peak fraction was then analyzed on SDS-polyacrylamide gel. As expected, α-synuclein formed a soluble HMW complex with the substrate protein ( Fig. 2A ). Syn61-140 also appeared to form a HMW complex with GST (data not shown). In contrast, the C-terminal acidic tail of α-synuclein (Syn96-140) did not form a HMW complex (Fig. 2B ), which suggested that the substrate protein binding may be mediated by the N-terminal region of α-synuclein.
Unlike other small molecular chaperone proteins, however, the HMW complex formed between α-synuclein and GST contained only a trace amount of α-synuclein, which was detected by immunoblotting ( Fig. 2A, f) . The immunoreactivity of α-synuclein was only detected in fractions corresponding to the HMW complex, indicating that these HMW forms of α-synuclein are not contamination of the aggregates. A similar phenomenon was observed when other substrate protein was used (data not shown).
Previous studies have shown that Syn1-97 precipitates upon heat treatment and does not have the chaperone activity (24). In addition, NAC and the C-terminally truncated α-synuclein have been shown to aggregate faster than the full-length α-synuclein (61-64).
Taken together, it is highly likely that the N-terminal region of α-synuclein functions as a binding domain for substrate proteins and that the C-terminal acidic tail functions as a solubilizing domain for the HMW complexes and for α-synuclein itself.
The binding domain can be substituted by other proteins
This study shows that the binding domain and solubilizing domain are structurally distinct in α-synuclein. Based on this finding, we hypothesized that the binding domain could be substituted by other proteins, since the binding domain of molecular chaperone proteins is not likely to be specific for individual substrate proteins. The chaperone activity of Syn61-140 ( Like other small molecular chaperone proteins, GST-Syn96-140 formed a HMW complex when incubated with aldolase, a substrate protein, for 10 min at 65°C (Fig. 4) . GST-Syn96-140 also formed a HMW complex with GST when the proteins were co-incubated at 65°C (data not shown). Unlike α-synuclein, GST-Syn96-140 appeared to form HMW complexes with a stoichiometric ratio ( Fig. 4d; Fig. 4f , lanes 3-6), which suggests that it interacts with substrate proteins in a similar way to the sHSPs.
These results indicate that the binding domain of α-synuclein can be substituted with another protein or peptide and the resultant engineered protein functions as a molecular chaperone with a different efficiency and specificity.
DHFR-Syn96-140 also has chaperone activity
To address whether any proteins containing the acidic tail of α-synuclein have chaperone activity, we constructed a DHFR-synuclein fusion protein, DHFR-Syn96-140, which contains the acidic tail of α-synuclein at the C-terminus. Interestingly, DHFR-Syn96-140 was extremely heat resistant, whereas DHFR was so heat-labile that it easily precipitated by thermal stress (data not shown). Similar phenomenon has been observed when GST is fused with the acidic tail of α-synuclein (59). We next examined the chaperone activity of DHFR-Syn96-140. As shown in Fig. 5 , DHFR-Syn96-140 effectively protects aldolase from heat-induced aggregation, indicating that the fusion protein functions as a molecular chaperone. DHFR-Syn96-140 also appeared to prevent GST from heat-induced precipitation (data not shown). Therefore, it is highly likely that the C-terminal acidic tail of α-synuclein can be used to engineer synthetic chaperones.
The binding domain determines the efficiency and specificity of the chaperone function.
Our data show that engineered chaperone proteins shown). Interestingly, the chaperone activity of GST-Syn96-140 in the DTT-induced aggregation of insulin was significantly improved at 59ºC (Fig. 6A ) compared to the case at room temperature (Fig. 3C) , suggesting that the efficiency of its chaperone action is affected by conformational changes in its N-terminal substrate binding domain (GST domain in this case). In addition, we found that GST-Syn96-140 did not protect the heat-induced aggregation of luciferase, while α-synuclein and Syn61-140 effectively prevented this aggregation (Fig. 6B) . Therefore, it seems highly likely that the binding domain determines the efficiency and specificity of the chaperone function.
GST-Syn96-140 does not protect enzymes from heat-induced inactivation
Small molecular chaperone proteins are generally known to be inefficient at preventing the thermal inactivation of enzymes (31, (39) (40) (41) (42) 65) , although some small molecular chaperone proteins are reported to have a marginal potential to protect certain enzymes from thermal inactivation (30, 33, (43) (44) (45) (46) (47) . Previously, we showed that α-synuclein did not protect GST enzyme from heat-induced inactivation (25). To investigate whether GST-Syn96-140 is able to protect enzymes from thermal inactivation, the thermostabilities of GST and PTP-1B were measured using thermal inactivation curves in the presence and in the absence of the GST-Syn96-140 (Fig. 7) . The thermal inactivation curves were used to determine the T 50 values, the temperatures at which 50% of initial enzymatic activity is lost after heat treatment. As shown in plays a critical role in substrate protein binding, and that the C-terminal acidic tail might function to solubilize the HMW complex (Fig. 8) . Interestingly, the N-terminal binding domain can be substituted by other proteins or peptides, such as GST, DHFR or NAC peptide (Fig. 8) , and the resulting fusion proteins were also found to have chaperone activity. More importantly, the synthetic chaperone proteins appear to display differential chaperone activity in terms of their efficiencies and substrate specificities (Figs. 1, 3, and 6 ).
The N-terminal part of α-synuclein (residues 1-61) is homologous to the chaperone protein 14-3-3 (18). Consequently, α-synuclein and 14-3-3 bind to many of the same proteins, such as PKC, BAD, ERK, and tyrosine hydroxylase (18,22). α-synuclein is also able to bind to 14-3-3, tau protein, tubulin, synphilin-1, and phospholipase D2 with high specificity and affinity (16-21). Furthermore, expression of α-synuclein is greatly increased in 293 HEK cells under stress conditions (18). Based on these observations, it has been suggested that α-synuclein functions as a chaperone protein in vivo (18). This hypothesis has been supported by the in vitro chaperone activity of α-synuclein reported recently (24,25). However, α-synuclein appears to be much weaker chaperone than HSP27 in preventing thermally-induced aggregation of alcohol dehydrogenase and chemically-induced aggragation of insulin in vitro (24). Our data also indicate that α-synuclein can protect target proteins from stress-induced aggregation only at a substoichiometric ratio (Fig. 1) . Taken We have shown that the N-terminal region of α-synuclein binds the substrate protein forming a soluble HMW complex (Fig. 2) . The GST-Syn96-140 fusion protein also appears to form such a HMW complex, suggesting that the GST domain interact activity through a similar mechanism (78). These chaperone proteins (tubulin, clusterin and B23) have no amino acid sequence similarity with either sHSPs or α-synuclein.
Therefore, it would be interesting to compare detailed the molecular mechanisms of the chaperone action mediated by these molecules with those of α-synuclein and sHSPs.
In summary, the results of this study indicate that the N-terminal region of α- 
